When methionine was present in the growth medium of wild-type Coprinus lagopus the incorporation of isotope from 35S-sulphate into both cysteine and methionine was greatly decreased. Under these conditions much of the cysteine formed must have arisen from methionine and it is concluded that the diminution of cysteine synthesis from sulphate is caused by the cysteine formed from the methionine and not directly by methionine itself.
INTRODUCTION
In previous work from this laboratory (Lewis, 1961) the genetic system concerned with methionine synthesis in Coprinus lagopus was studied and in particular seven genes of the methionine synthesis pathway (as well as a number of suppressor genes) were mapped. From the nutritional characteristics of the mutants examined it appeared likely that methionine synthesis, as in other organisms (Davis, 1955) , occurred via the formation of cysteine, cystathionine and homocysteine.
With other organisms, e.g. Escherichia coli (Roberts et al. 1955 ; Wijesundera & Woods, 1960) , Neurospora crmsa (Roberts et al. 1955) and Salmonella typhimurium (R. J . Rowbury, unpublished observations) , the formation of methionine is controlled by methionine itself. Roberts et al. investigated the regulation of methionine synthesis in E . coli and N . crmsa by measuring the incorporation of isotope from 35S-sulphate into sulphur amino acids in the presence and absence of methionine.
Methionine, in the growth medium, abolished incorporation of %S into the methionine of the proteins. In the present work, the effect of methionine on sulphate incorporation in Coprinus has been tested, to ascertain whether a similar effect occurs.
Auxotrophic mutants of micro-organisms frequently accumulate precursors of the required growth factors and such accumulations occur with certain methioninerequiring organisms. Thus one mutant strain of Neurospora crmsa accumulated cystathionine in the mycelium (Horowitz, 1947) and another strain accumulated homoserine and threonine (Teas, Horowitz & Fling, 1948) . During studies to ascertain whether strains of Coprinus accumulated methionine precursors, it was observed that cystathionine was formed in large amounts during growth of the wild type with methionine. nitrogen and the free amino acids extracted with 80 % (v/v) ethanol in water. The mycelial residue was dried and hydrolysed with 6 N-HC~ for 16 hr a t 125" in sealed tubes to liberate the protein amino acids. The filtrate (medium) and ethanol extract were each concentrated by evaporation in z)mw in a rotary evaporator. The extract was finally taken to a small volume, acidified with acetic acid, kept overnight a t l o , then the fat removed by filtration through an asbestos pad until the filtrate was clear. The pH was adjusted to below 5, and the extract prepared for chromatography by passing it through a column of Zeo-Karb 225, 50-100 mesh, in the hydrogen form. The amino acids were eluted with 4 N-NH, solution, the ammonia removed from the eluate by rotary evaporation and the amino acid residue taken up in 5 ml. 10 % (v/v) iso-propanol. The medium was treated as above, with the omission of the defatting stage, but the hydrolysate residue was taken up directly in 10 % (v/v) iso-propanol, after rotary evaporation to remove the HCl.
Chromatography. Chromatograms were run overnight on Whatman no. 3 MM paper: 31.5 x 33 cm. for ascending runs, and 22 x 50 cm. for descending. The following solvents, prepared fresh, were used : 1) n-butanol + acetic acid + water (12 + 3 + 5 by vol.), ascending. 2) phenol + ammonia + water, prepared by adding 60 ml. of water to 250 g. of phenol; just before chromatography3 ml. NH, soln. (sp.gr. 0-88) and 3 ml.
2 m-EDTA were added; ascending. 3) n-butanol + ethanol + water (2 + 2 + 1 by vol.), descending. 4) tert.-butanol + formic acid + water (14 + 3 + 3 by vol.), descending. To locate the amino acids, papers were dipped in 0.2% ninhydrin in acetone, with a trace of EDTA. Colours were allowed to develop in the cold for several hours, then at 100' for 5 min. Papers were finally sprayed with 250 mM-NiSO, to render the spots permanent. In routine examination of amino acid samples, one-dimensional chromatograms in solvent 1, and two-dimensional chromatograms in solvent 1 followed by solvent 2 were run. Differences in the qualitative pattern of amino acids were noted and any large quantitative differences estimated visually. Solvents 3 and 4 were used for the special separation of cystathionine from cysteine, cystine, and cysteic acid.
The suspected cystathionine was isolated quantitatively from the bulk of the amino acids by running a streak of the sample in solvent 1. Two marker spots located the position of the appropriate band, which was cut out and eluted by shaking with 0.1 N-HC~ in 10% (v/v) isopropanol. This fraction also included cysteine and some basic amino acids.
Bioassay of cystathionine. Cystathionine was assayed by the growth response of Escherichia coli 122/33 as described by Rowbury (1962).
Measurement of radioactivity. In the liquid samples, 10 pl. samples were spread evenly over uniform ground glass disks and dried. The 3% activity was determined by counting the discs, usually for 1000 sec., with the aid of the Geiger-Muller tube of a Scaler 1700 (Isotope Developments Ltd.). In some cases the individual amino acids were separated on a chromatogram and specific areas of the paper counted either by scanning with a Geiger-Muller tube (Ratemeter Unit, type 1355B, Fleming Radio Developments Ltd.), or by cutting out, eluting the spots and counting samples from the liquid eluate on the ground glass discs.
Dry-weight determination. Mycelium was dried to constant weight over phosphorus pentoxide, a t 40' and under vacuum.
RESULTS

Incorporation of 35S from inorganic 35S-sulphate into sulphur amino acids in wild type grown 0% methionine-supplemented medium
Cultures were grown in 1 1. flasks in 200 ml. of 'low-sulphate' medium, with approximately 40 pc. of carrier-free 35S-sulphate added to each flask. Methionine (2 mM) was included in the medium, but omitted from control flasks. When harvesting, the mycelium was washed until washings were W-free, to ensure no contamination of the mycelial fractions. The amino acid extracts and protein hydrolysates were prepared as described under METHODS, and the radioactivity of the amino acid fraction of the medium and the free and protein amino acids of the mycelium was measured. The two sets of cultures were treated in parallel, so that a direct comparison of radioactivity was made without necessitating a correction for natural decay of W. The results are shown in Table 1 . There was apparently a marked decrease of 3% incorporation into the mycelium amino acid fractions in cultures grown with methionine. In particular, there was a 92 yo decrease in label in the mycelium hydrolysate of these cultures. Counts of Table 2 . These show a decrease in incorporation into both methionine and cysteine : about 90% decrease of incorporation into cysteine, and 98% reduction of incorporation into methionine.
The free amino acids of the mycelium showed a 60-70y0 reduction in label content. In the amino acids of the medium, there was no significant difference in radioactivity in the control and methionine-grown cultures. This diminution in incorporation of 35S into the amino acid and protein fractions of the mycelium in cultures grown with methionine indicates repression or end-product inhibition of the enzymes concerned in the synthesis of methionine. Furthermore, while the presence of methionine during the growth of wild-type cultures generally decreased a the dry weight of mycelium, it markedly increased the concentration of free amino acids in the medium; thus, a visual estimate of the intensity of the ninhydrin spots suggested a t least a lo-fold increase of most amino acids in the medium. The total amino acid content was not determined quantitatively because of the presence of methionine added to the initial medium. On the other hand, the content of free amino acids in the mycelium was less when grown in the presence of methionine, indicating that in spite of the overall stimulation of amino acid synthesis, the . organism maintained its normal amino acid pool and excess amino acids were passed into the medium.
Accumulation of cystathionine by Coprinus lagopus
The most striking difference in the amino acid pattern, both in the medium and mycelial extracts, was the appearance of high concentrations of a compound X in the cultures grown with methionine. The position of the spot on two-dimensional chromatograms suggested that it was cystathionine, and on such chromatograms the ninhydrin spot was comparable in intensity with those of alanine and glutamic acid which are the amino acids usually present in the largest amounts. To establish conclusively that X was cystathionine, samples (isolated chromatographically, see METHODS) were chromatographed in four different solvents (Table 3) . In two cases the samples were treated with H202 since cysteine and cystathionine are not separable in many solvents whereas the products of oxidation are. I n each case X behaved like authentic cystathionine and this evidence, taken together with the fact that X supported the growth of Escherichia coli strain 122/33 (a cystathionine-requiring organism) may be taken as conclusive. For the bioassay of X, extracts of the mycelium were streaked on paper and after chromatography the appropriate band was eluted and the cystathionine content determined, The results are given in Table 4 and show a large accumulation of cystathionine after growth with methionine, a moderate accumulation with added homocysteine, but no significant synthesis on medium with added cysteine plus homoserine. Cultures grown on minimal medium had only traces of cystathionine. When Coprinus was grown with methionine in the presence of 35S-sulphate only traces of label appeared in the accumulated cystathionine. Cultures were grown in triplicate on minimal medium, supplemented as shown. The amino acids were extracted from the mycelium and the cystathionine separated by paper chromatography, and determined by bioassay. Concentrations are shown as pmole/ 100 mg. dry weight, and as % (w/w) of dry weight of mycelium. 
DISCUSSION
Part of the work described above was concerned with the incorporation of isotope from 35S-sulphate by wild-type Coprinus lagopus. The results showed that the presence of methionine in the growth medium diminished the incorporation of 35s into mycelial material insoluble in 80% ethanol (decreased to about 705%) and into the free amino acids of the mycelium (decreased to 30%). Incorporation of 35s into the amino acids of the medium was not decreased by growth with methionine but as the amounts of these were increased by about lo-fold in the presence of methionine, there was probably a comparative diminution in incorporation (Table 1) . Thus as Roberts et al. (1955) found for Nezcrospora crassa and Escherichia coli, methionine decreased sulphate incorporation in Coprinus. When the proteins of the mycelium were hydrolysed, it was apparent (Table 2) that both cysteine and methionine contained smaller amounts of 36S after growth with methionine although the decrease of methionine synthesis (to 2 yo of the control) was more marked than the decrease in cysteine synthesis (to 10 yo of the control). Inhibition of methionine formation (and therefore of 3 6 s incorporation) by methionine clearly suggests that synthesis in Coprinus is controlled by enzymic repression or feedback inhibition ; both mechanisms of control are known to occur in this pathway in E. coli (Rowbury & Woods, 1961 a,  b ; Rowbury, 1962) . The effect of methionine on 36S incorporation into cysteine may not be due to a direct inhibition. Pasternak (1961) and Ellis & Pasternak (1962) observed repression of sulphate activation by growth with cysteine in E . coli and a weaker repression effect with methionine. The latter effect they ascribed to formation of cysteine from methionine.
While studying the possible accumulation of sulphur-containing compounds, it was noticed that wild-type Coprinus accumulated cystathionine when grown in the presence of methionine but very little when grown without it (Table 4 ). The accumulation of this compound by auxotrophic mutants of Neurospora crmsa has been observed (Horowitz, 1947) ; such mutants lacked cystathionase activity (Fischer, 1957) and it was concluded that the cystathionine had arisen via the 'normal' methionine synthesis pathway, i.e. from homoserine and cysteine. In support of this view Fischer (1957) showed that methionine inhibited this accumulation of cystathionine although one of the present authors (R. J. Rowbury, unpublished observations) has been unable to confirm this. Fischer (1957) observed that the slight cystathionine formation in wild-type Neurospora was increased by growth with methionine; but the extent of accumulation was small. The amount of cystathionine present in wild-type Coprinus was greatly increased (25-fold) by growth with methionine (Table 4 ) and this suggested that its synthesis was not via. the 'normal' biosynthetic pathway. Furthermore, since %S from sulphate was not incorporated into the cystathionine this confirmed that the ' normal ' pathway was not operative and since methionine was the only unlabelled sulphur compound present it is concluded that the cystathionine came from methionine by some pathway. It is presumed that the breakdown of the accumulated compound by cystathionase was prevented by methionine. Failure to accumulate cystathionine from added homoserine and cysteine may have been due to cystathionase activity and since cystathionase would also function during growth with homocysteine (although partial repression might occur due to synthesis of methionine from homocysteine) the accumulation of cystathionine in the homocysteine-supplemented medium may be indicative of an intermediary role of homocysteine in the synthesis of cystathionine from methionine. The system may be similar to that in Neurospora where cystathionine can be formed from homocysteine and serine (Delavier-Klutchko, 1963 ; R. J. Rowbury, unpublished observations).
Since methionine greatly decreased incorporation of 3% from sulphate into cysteine a large part of the cysteine formed under such conditions must have arisen from methionine. This may have occurred by the partial breakdown of the accumulated cystathionine by a cystathionase enzyme of the type which occurs in animals (Matsuo & Greenberg, 1958) and in Neurospora crmsa (Fischer, 1957) . The inhibition of cysteine formation from sulphate would then probably be due, not to the direct effect of methionine itself, but to the effect of the cysteine formed from it (as Ellis & Pasternak have suggested for Escherichia coli). The ability of organisms to convert methionine to cysteine may be a widespread property and it would be interesting to know whether the system is induced by methionine. The view that cysteine can arise from methionine in Coprinus via cystathionine formation is supported by the observation in this laboratory that 36S-ethionine gives rise to cysteine and the process is associated with the accumulation of cystathionine (D. Lewis, personal communication) .
